Abstract. ARHI is a maternally imprinted tumor suppressor gene that is expressed in normal breast epithelial cells but not in most breast cancer cells. Aberrant methylation and hypernomic histone deacetylation have been implicated in the silencing of ARHI. To investigate the mechanism of ARHI induction, MDA-MB-231 breast cancer cells were either transfected with the eukaryotic expression vector, pcDNA3.1(+)-ARHI, or were simultaneously treated with a histone deacetylase inhibitor, [trichostatin A, (TSA)] and the methyltransferase inhibitor, 5-aza-2'-deoxycytidine (DAC). The latter treatment group also included the targeting of ARHI by small interfering RNA (siRNA) to further examine interactions between ARHI and the drugs applied. Levels of ARHI were detected by western blotting, MTT assays were used to evaluate cell proliferation, and both cell cycle progression and apoptosis were detected using flow cytometry. Both the transfection of pcDNA3.1(+)-ARHI and the application of TSA+DAC induced the expression of ARHI. Furthermore, reduced cell proliferation, cell cycle arrest and enhanced apoptosis were observed for both groups compared to controls. However, a G1/S cell cycle arrest was observed for the pcDNA3.1(+)-ARHI group, while a G2 cell cycle arrest was observed for the TSA+DAC group. The latter effect was reversed with the introduction of ARHI-targeted siRNA in combination with TSA+DAC treatment. To further clarify these observations, expression levels of several key cell cycle regulators were analyzed by western blotting. The pcDNA3.1(+)-ARHI group exhibited higher expression levels of p53, p21 and p27, and lower levels of cyclin D1, CDK4 and CDK6 when compared to the control group (P<0.05). For the TSA+DAC group, higher levels of p53, p21, cyclin B1 and Chk1 were detected, concomitant with lower levels of CDK1, when compared to the control group. Taken together, these results suggest that ARHI acts as a tumor suppressor gene in MDA-MB-231 cells and, although TSA+DAC can block the cells at different cell cycle phage, the antitumor effect is ARHI-dependent.
Introduction
The ARHI (NOEY2) gene encodes a M r 26,000 GTPase and is a member of the Ras superfamily. ARHI also shares 54-62% homology at the amino acid level with the proteins Ras and Rap, yet it exhibits a markedly different function. ARHI has been found to be consistently expressed in normal ovarian and breast epithelial cells, but is not typically expressed in ovarian and breast cancers (1) . Moreover, loss of heterozygosity for ARHI has been detected in 41% of ovarian and breast cancers (2) . When expression of ARHI was induced in human cancer cells, including gastric, lung, ovarian and breast cells, apoptosis was activated (3) (4) (5) . Specifically, signaling through the Ras/MAP pathway is inhibited, expression of p21WAF1/CIP1 is induced and cyclin D1, one of the most important cell cycle regulators, is downregulated (2, 6) . Additional studies have demonstrated that ARHI can induce apoptosis in ovarian and breast cancer cells via a caspase-independent, calpain-dependent signaling pathway (5) and that ARHI plays a role in cell autophagy by blocking PI3K signaling and inhibiting the mammalian target of rapamycin (mTOR) protein (7) .
Thus, ARHI is a critical gene for cell proliferation, apoptosis, autophagy and regulation of the cell cycle. However, genetic events and epigenetic mechanisms, including aberrant DNA methylation, loss of heterozygosity, low level histone acetylation and gene mutations, can lead to a loss of ARHI expression (8) (9) (10) (11) . As an imprinted gene, expression of the maternal allele of ARHI is lost through DNA methylation in all normal cells. However, aberrant DNA methylation of the paternal allele of ARHI has been identified as a primary inhibitor of ARHI expression. In both breast cancer tissues and various cell lines, varying levels of DNA methylation for ARHI have been detected (12 the promoter region of ARHI has also been reported for human ovarian and pancreatic cancers (13, 14) . In addition, histone deacetylases (HDACs) in complex with transcription factors E2F1 and E2F4 in breast cancer cells have been shown to play an important role in downregulating ARHI expression (15) . Recently, the transfection of the eukaryotic expression vector, pcDNA3.1-ARHI, into a human lung cancer cell line and HER2-positive breast cancer cells (SK-BR-3 and JIMT-1) was shown to affect cell proliferation, apoptosis and cell invasion in both models (4) . The treatment of various cancer cell lines with trichostatin A (TSA) and 5-aza-2'-deoxycytidine (DAC) has also been reported to induce the expression of ARHI (16, 17) . However, exogenous ARHI expression vs. drug-induced ARHI expression are associated with different antitumor effects. Therefore, the present study examined the differences between the two treatments and their potential mechanisms.
Materials and methods

Construction of the pcDNA3.1(+)-ARHI eukaryotic expression vector.
The plasmids, pcDNA3.1(+) and pDNR-LIB-ARHI, as well as plasmid extraction kits, were purchased from Yingrun Biotechnologies Inc. (Changsha, China). The complete coding sequence for ARHI was amplified using PCR, with pDNR-LIB-ARHI used as the template. Primers were designed according to the ARHI sequence available in GenBank (BC005362). The up and down primers used included: 5'-CGGGATCCGCCACCATGGGTAACGCCAG CTTTG-3' and 5'-GGAATTCTCACATGATTATGCACT TGTC-3' , respectively, with the underlined nucleotides representing the Kozak sequence used to enhance gene expression. Following amplification, the ARHI fragment was digested with BamHI and EcoRI and inserted into a pcDNA3.1(+) plasmid that was linearized with the same restriction enzymes. The recombinant plasmids obtained were then transfected into competent E. coli and positive clones were selected with 100 µg/ml ampicillin. Recombinant plasmids were extracted from positive clones and the inserts were amplified. Clones containing the correct ARHI sequence were termed pcDNA3.1(+)-ARHI. ARHI-targeted small interfering RNA (siRNA) was also obtained from GenePharma Co., Ltd. (China) and the target sequence was: CUGCUUGACAAGU GCAUAATT.
Transfection of pcDNA3.1(+)-ARHI into MDA-MB-231 cells.
The breast adenocarcinoma cell line, MDA-MB-231, was purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Dulbecco's minimal essential medium (DMEM), trypsin and fetal bovine serum (FBS) were purchased from Gibco (USA).
Twenty-four hours prior to transfection, MDA-MB-231 cells were plated in 6-well plates (1x10 5 cells/well) and incubated at 37˚C and 5% CO 2 until the cells reached 60-70% confluence. The medium was then replaced with serum-free DMEM and a mixture of Lipofectamine™ 2000 (Invitrogen, USA) and pcDNA3.1(+)-ARHI or pcDNA3.1(+) was incubated at room temperature for 20 min. The transfection mixtures were then slowly added to the MDA-MB-231 cells with gentle shaking. After 6 h at 37˚C and 5% CO 2 , the medium was replaced with DMEM/10% FBS and the cells remained at 37˚C and 5% CO 2 until they were analyzed by western blotting.
Treatment of MDA-MB-231 cells with TSA and DAC.
TSA and DAC were purchased from Sigma (USA). The final concentrations of TSA and DAC that were used to treat MDA-MB-231 cells were 1 and 0.5 µM, respectively. For these assays, MDA-MB-231 cells were grown in DMEM/10% FBS for a 24-h period. The cells were subsequently cultured with TSA and DAC for up to 5 days, with fresh medium containing TSA and DAC provided daily.
Measuring the cell growth using inhibition rate via MTT assays. During log-phase growth, cells were diluted to single cell suspensions (1x10 3 -1x10 5 cells/ml). In 96-well plates, 100 µl of each cell suspension was plated in triplicate and cultured at 37˚C and 5% CO 2 . At various time-points, e.g., between 24 and 96 h later, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell growth assays were performed. For these assays, 20 µl MTT stock solution was added to each well. After an incubation at 37˚C and 5% CO 2 for 4 h, the supernatant was discarded and 150 µl dimethylsulfoxide (DMSO) was added with low-speed shaking. OD values at 490 nm were recorded for each of the wells using a multifunctional microplate test system. Cell growth inhibition rates were then calculated using the follow formula: (OD values for the control group -OD values of the experimental group)/OD values of the control group x 100%.
Analysis of cell cycle progression and apoptosis using flow cytometry.
To analyze cell cycle progression, cells were cultured in serum-free DMEM in 6-well plates. Upon reaching 70-80% confluence, cells were harvested using 0.25% trypsin and washed once with phosphate-buffered saline (PBS). After resuspending in PBS and counting, between 1x10 5 and 5x10 5 cells were centrifuged at 1,500 rpm for 5 min. After discarding the supernatant, 500 µl 1X PBS, 5 µl Annexin V-FITC and 10 µl propidium iodide (PI) staining solution were added to each cell sample with low-speed shaking. Cells were incubated at room temperature in the dark for 10 min. Each sample was then analyzed using flow cytometry. Cells that were not incubated with Annexin V-FITC and PI staining solution were used as negative controls.
To detect apoptosis, an aliquot of the cells harvested above were resuspended in cold 70% ethanol and fixed at 4˚C overnight. Each sample was subsequently centrifuged and washed twice with PBS. Both 150 µl RNase A and 150 µl PI staining solution were added to each tube and the tubes were then incubated at 4˚C in the dark. After 20 min, samples were analyzed using flow cytometry and the relative ratios of cells distributed among the G1, S and G2/M phases of the cell cycle were determined.
Western blotting detection of ARHI and cell cycle proteins.
The following monoclonal antibodies were purchased from Abcam: mouse anti-human ARHI, rabbit anti-P27 KIPI , mouse anti-P53, mouse anti-CDK1, mouse anti-CDK4, mouse anti-CDK6, mouse anti-cyclin D1, mouse anti-cyclin B1, rabbit anti-Chk1 and anti-β-actin. In addition, a rabbit anti-p21 polyclonal antibody was purchased from Abcam. Horseradish peroxidase (HRP)-conjugated rabbit anti-mouse and goat anti-rabbit IgG polyclonal antibodies were purchased from the Takara Bio, Group (Japan).
For western blotting detection, the total protein concentration of cell extracts collected in RIPA lysis buffer were determined using UV spectrophotometry. After protease inhibitors were freshly added to each prepared sample, protein samples (60 µg each) were separated by polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were subsequently blocked in Tris-buffered saline plus Tween-20 (TBST) buffer containing 5% non-fat milk at 37˚C. After 2 h, membranes were incubated with the appropriate primary antibodies at 4˚C overnight. After three washes in TBST for 5 min each, the appropriate HRP-conjugated secondary antibodies were added to the membranes and incubated at room temperature. After 2 h, enhanced chemiluminescence (ECL) was used to detect bound antibodies. Western blot assays were repeated three times to ensure the accuracy of the results.
Results
Cell proliferation and ARHI expression. Two methods were used to induce the expression of ARHI: i) transfection of the eukaryotic expression vector, pcDNA3.1(+)-ARHI, into MDA-MB-231 breast cancer cells, and ii) the treatment of MDA-MB-231 cells with TSA+DAC. Cell growth was subsequently assayed 24, 48, 72, 96 and 120 h after each treatment method was applied. At the 48-h time-point, both treatment groups exhibited a decrease in cell growth in MTT assays (P<0.05; Fig. 1 ). Correspondingly, levels of ARHI were detected by western blotting 48 h following each treatment method. A significantly higher level of ARHI expression was detected for both treatment groups compared to control cells, and cells transfected with ARHI-siRNA or pcDNA3.1 (Fig. 2 ). These results demonstrate that both treatment methods induce re-expression of ARHI, and ARHI-siRNA provides lower levels of ARHI expression.
The effect of ARHI on cell cycle progression and apoptosis. Cell cycle progression and apoptosis were also examined for cells transfected with pcDNA3.1(+)-ARHI, pcDNA3.1 and ARHIsiRNA, as well as cells treated with TSA+DAC and control cells. Using PI staining, flow cytometry detected a G1 phase arrest for the pcDNA3.1(+)-ARHI group (P<0.05), while the cells treated with TSA+DAC contained a greater number of cells in the G2 phase (P<0.05) when compared to ARHIsiRNA, pcDNA3.1 and control cells (Fig. 3) . Annexin V/PI staining further revealed that both the pcDNA3.1(+)-ARHI and the TSA+DAC group exhibited a higher incidence of apoptosis than the other three groups (P<0.05; Fig. 4) . Moreover, there was no significant difference between the ARHI-siRNA, pcDNA3.1 and control groups.
Expression of cell cycle proteins.
To identify potential mechanisms for the G1 and G2 phase arrests observed in the previous experiments, expression levels of p53, p21, p27, cyclin D1, cyclin B1, Chk1, CDK4 and CDK6 were examined by western blotting. The pcDNA3.1(+)-ARHI group exhibited higher expression levels of p53, p21 and p27, and lower levels of cyclin D1, CDK4 and CDK6 compared to the control group (P<0.05; Fig. 5 ). For the TSA+DAC group, higher levels of p53, p21, cyclin B1 and Chk1 were detected, concomitant with lower levels of CDK1, compared to the control group (Fig. 6) . By contrast, no significant differences in the levels of proteins detected for the ARHI-siRNA group were observed compared to the control group (P<0.05; Fig. 6 ). Expression levels of cyclin B1, CDK1 and Chk1 also did not significantly differ between the pcDNA3.1(+)-ARHI group and the control group. Similarly, expression of p27, cyclin D1, CDK4 and CDK6 did not significantly differ between the TSA+DAC group and the control group (data not shown). 
Discussion
ARHI is a member of the Ras superfamily, yet it exhibits unique tumor suppressor activity (16) . In addition, ARHI contains a unique 34 amino acid extension at its N-terminus and exhibits high affinity for GTP despite having low intrinsic GTPase activity (6) . Structural differences also support the observation that ARHI remains the only tumor suppressor gene identified in the Ras superfamily to date (18) . Characterization of ARHI activity has included the following observations; in a study by Hu et al (19) , ARHI was shown to mediate downregulation of the NF-κB signaling pathway, thereby acting as a tumor suppressor protein in pancreatic cancer cells. Low expression levels of ARHI were also associated with a shorter progressionfree survival period for pancreatic cancer patients (20) . In a study by Lu and Bast (21) , expression of ARHI was associated with inhibited cell migration, a characteristic feature of tumor suppressing genes and a phenotype that has been shown to be mediated by multiple mechanisms in ovarian cancer cells. A similar observation was made in breast, gastric, lung and hepatocellular carcinomas (3, 4, 22, 23) . Moreover, among these experiments, re-expression of ARHI was most often achieved by transfection of ARHI as an exogenous gene. In the present study, the eukaryotic expression vector, pcDNA3.1(+)-ARHI, was transfected into MDA-MB-231 cells and the resulting increase in ARHI expression led to a G1/S cell cycle arrest and the promotion of apoptosis. These results confirm that ARHI acts as a tumor suppressor gene in MDA-MB-231 cells, a breast cancer cell line that is negative for estrogen receptor expression, progesterone receptor expression and HER2/neu amplification. As mentioned above, downregulation or loss of ARHI expression is primarily due to aberrant DNA methylation and abnormal histone acetylation. In 2003, Yuan et al (12) identified three CpG islands in ARHI and these regions are hypermethylated in the MDA-MB-231 cell line. These data are consistent with the downregulated ARHI phenotype exhibited by MDA-MB-231 cells. In another study, decreased histone H3 acetylation and increased histone H3 lysine 9 methylation was found to account for the silencing of ARHI observed in breast cancer tissues (24) . Acetylated STAT3 can also result in the methylation of the ARHI promoter in ovarian cancer, suggesting that DNA methylation and histone acetylation can overlap for a given target (25) . Correspondingly, many studies have used histone deacetylase inhibitors and demethylating agents to induce expression of ARHI in various cancer cells (14, 26) . In the present study, both TSA and DAC were applied to MDA-MB-231 cells and higher levels of ARHI were detected following this treatment. Reduced cell growth and an increased rate of apoptosis were also observed, similar to that observed for the pcDNA3.1(+)-ARHI group. However, cells were arrested at the G2/M phase compared to the G1/S phase of the cell cycle, respectively, for these two treatment groups.
To elucidate the differences observed between the pcDNA3.1(+)-ARHI group and the TSA+DAC group with respect to cell cycle arrest, expression levels of various cell cycle proteins were examined. In the pcDNA3.1(+)-ARHItreated cells, levels of cyclin D1 were reduced, and cyclin D1 represents a key cytokine needed to initiate the G1/S cell cycle. Levels of the cyclin dependent kinases, CDK4 and CDK6, were also downregulated. It has previously been demonstrated that CDK4 and CDK6 can form a complex with cyclin D1 to phosphorylate retinoblastoma protein (Rb), thereby initiating gene transcription for entry into the S phase of the cell cycle. Expression of the kinase inhibition proteins, p21, p53 and p27, was also found to be expressed at significantly higher levels in the pcDNA3.1(+)-ARHI cells, and this is consistent with the block of cell cycle progression at the G1 phase that was observed. In the TSA+DAC group, cyclin B1 and Chk1 were upregulated along with p21 and p53. Expression of cyclin B1 is typically upregulated at the beginning of the late G2 phase, and reaches a peak in the middle of the M phase. Degradation of cyclin B1 is also necessary for cells to successfully complete the M phase and, correspondingly, upregulation of cyclin B1 can block cells in the M phase of the cell cycle. Checkpoint kinase 1 (Chk1) is another key cytokine for cell cycle progression, and can promote cell cycle arrest in the G2 phase by acting with p21 and p53. The only cytokine that exhibited lower levels of expression following treatment with TSA+DAC was CDK1, and CDK1 has been shown to act with cyclin B1 to promote entry into the M phase. Overall, the differences in the cell cycle protein expression profiles obtained for the pcDNA3.1(+)-ARHI and TSA+DAC groups are consistent with the differences in cell cycle arrest that were observed for the two groups. Hence, these results demonstrate that re-expression of ARHI can involve different mechanisms despite exhibiting similar inhibitory effects. Furthermore, the use of siRNA-ARHI demonstrated that the cell cycle effects of TSA+DAC treatment are ARHI-dependent in MDA-MB-231 cells.
Previous studies of histone deacetylase inhibitors and methyltransferase inhibitors have demonstrated that the anticancer potential of these drugs is mediated via the re-expression of tumor suppressor genes such as RUNX3 and ARHI (26, 27) . Recently, HDACs have been shown to play a role in modulating gene transcription and the proliferation and differentiation of a variety of cell types, thereby affecting the pathogenesis of certain diseases (28, 29) . In a pyrosequencing methylation analysis of malignant/normal breast tissue pairs, twelve known growth-suppressor genes were identified from 90 tissue pairs. Of these genes, five (RIL, HIN-1, RASSF1A, CDH13 and RARβ2) displayed frequent methylation (57, 49, 58, 44 and 17%, respectively) compared to normal breast tissues (0-4%) (30) . Therefore, the results of the present study for the TSA+DAC group are consistent with these results, and suggest that re-expression of ARHI can affect other tumor suppressor genes and signaling pathways. Further studies are required to elucidate the exact mechanisms involved. However, the present results provide valuable insight into the differences observed in the cell cycle arrest phenotypes associated with the pcDNA3.1(+)-ARHI and TSA+DAC groups that were investigated.
In summary, transfection of MDA-MB-231 cells with the eukaryotic expression vector, pcDNA3.1(+)-ARHI, and treatment of MDA-MB-231 cells with TSA+DAC resulted in re-expression of ARHI, followed by cell cycle arrest and enhanced apoptosis. Collectively, these results suggest that ARHI acts as a tumor suppressor gene in MDA-MB-231 cells, and TSA+DAC represents a potential anticancer treatment for breast cancer cells. 
